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y-glutamyl transpeptidase activity was monitored in cycling 
mice by histologic localization and biochemical assay. Our 
objective for this study is to establish the relationship be-
tween y-glutamyl transpeptidase activity and hair growth 
and to determine whether its activity can be correlated to 
induced hair growth. In cycling mouse skin, y-glutamyl 
trans peptidase activity is pronounced during anagen and 
greatly diminished during telogen. In the skin, the enzyme is 
present exclusively in the outer and inner root sheaths of hair 
follicles. y-glutamyl transpeptidase is limited to the follicle 
below the level of the sebaceous gland and is completely 
absent in the follicle above the sebaceous gland level. During 
anagen, the outer root sheath in the hypodermis is intensely 
positive for y-glutamyl transpeptidase activity whereas the 
hair matrix cells and dermal papilla are negative. The inner 
Y -glutamyl trans peptidase (GGT) is a membrane-bound en-zyme that is believed to function in glutathione metabolism and in absorption or secretion of amino acids or peptides through cell membranes. It catalyzes the transfer of y-gluta-my 1 groups of peptides to other peptides and L-arnino acids 
[11. These reactions facilitate the storage of cellular cysteine as glu-
tathione and GGT catalyzes the first step in the pathway that leads 
to release of the cysteine moiety from the tripeptide. Glutathione is 
translocated across cell membranes and serves as a substrate for 
membrane-bound GGT [2]. 
Quantitation of hair follicles in the anagen (growth) phase has 
been based on qualitative data. Previous methods used to measure 
hair cycle have been by observing the eruption of new hairs [3], by 
histology [41 or by 3H thymidine incorporation [5]. All of these 
methods are qualitative or indirect assessments of hair growth. We 
chose the use of GGT as a marker that would be a quantitative 
measure of hair growth, simple to use, and nonradioactive. We can 
detect anagen within 2 d of initiation. We needed a sensitive, quan-
titative assay of hair growth so we can monitor the hair cycle in vivo 
accurately and without bias. 
In normal adult skin, GGT activity is localized only to the skin 
appendages (i.e., hair and the secretory portion of eccrine and apo-
crine glands) [61. GGT is not present in early hair buds proliferating 
from the epidermis, but rises in cells undergoing early differentia-
tion [71. Expression of GGT continues to rise until about day 10, 
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root sheath above the bulb shows distinctive membrane 
staining for y-glutamyl transpeptidase. y-glutamyl transpep-
tidase activity can be seen to vary only in cycling follicles. 
Inducing anagen by plucking hair shafts results in an increase 
in y-glutamyl trans peptidase activity directly correlated to 
hair regrowth. In a similar manner, mice were plucked and 
treated with a daily dose of 2% minoxidil. A slight difference 
in cycle lengths was seen in animals treated with minoxidil 
when compared to vehicle control. Minoxidil treatment may 
cause an early initiation of anagen, but both the minoxidil-
treated skin and the vehicle-treated skin entered telogen at 
the same time. Together, these studies indicate that y-gluta-
my I transpeptidase is a specific marker of anagen in growing 
hair. Key words: hair cycle/y-glutamyl transpeptidase/minoxidil/ 
mouse skin. ] Invest DermatoI103:122-126, 1994 
falls as the follicles enter telogen, then rises again during the second 
anagen [8]. 
The present paper, to our knowledge, is the first study to correlate 
GGT activity to histology and specifically to examine hair follicle 
cycling and effects of induced anagen in the hair follicle. GGT 
activity is localized in hair follicles through two complete hair 
cycles in mice. Furthermore, the use of GGT activity as a measure-
ment of normal and induced anagen (by plucking and minoxidil 
treatment) through histologic and enzyme measurement studies is 
evaluated. 
MATERIALS AND METHODS 
Animals and Skin Sampling For GGT localization and hair cycle de-
termination experiments, male and female B6C3F, hybrid mice were killed 
and shaved. Dorsal skin from between the shoulders was excised from five 
mice at 5, 10, 15,20,30,40,45,50, and 55 d after birth. Two 2-mm skin 
plugs were removed with a skin biopsy punch. One sample was frozen in 
O.C.T compound over dry ice for histologic analysis and the other was put 
into a 1.5-ml micro-centrifuge tube for enzyme analysis. 
Anagen was induced by plucking [91. To determine GGT levels during 
induced hair growth, female B6C3F, mice at 21 or 45 d of age were anesthe-
tized with Metofane (Pitman-Moore) and the coat hairs over the right scap-
ula were plucked. The area over the left scapula served as the control for the 
mouse. Four 2-mm skin plugs were removed from each of the target areas at 
2 h after plucking and at various timepoints for individual experiments. Each 
skin punch was stored at - ao·c. 
Minoxidil or Vehicle Application Female B6C3F, hybrid mice at 22 -
57 d of age were anesthetized and plucked over the right scapula as described 
above. Mice were treated with either 100 .Ill of vehicle (50;30;20 propylene 
glycol;ethanol;water) or 2% minoxidil in vehicle over the plucked area as 
well as the area that was not plucked. Four 2-mm skin plugs were removed 
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Figure 2. GGT activity clearly depicts the stage of hair fo llicles during 
their normal cycle. GGT activity was determined by reacting skin homo-
genates with GGT substrate for 2.5 h at 25 °C. Each point represents the 
mean value of GGT activity obtained from one 2-mm skin punch taken from 
nve different littermates. Error bars, mean ± SEM. 
from each of the treated areas with a skin biopsy punch 2 h after plucking for 
the initial timepoint and then at various intervals thereafter. Skin samples 
were frozen and stored at -80°C until all the samples were collected. 
GGT Enzyme Assay GGT enzyme activity was measured by using the 
method of Jacobs (10] as modified by Persijn e/ al (11]. Skin punches were 
sonicated in 200 pi homogenizing buffer containing 10% glycerol, 1% 
Triton X-I00, and 5 mM potassium phosphate, pH 7.0. A GE600 Cole-
Parmer Ultrasonic Processor with a micro tip at output setting 5 for 0.3 
seconds was llsed to sonicate the tissue. The sonicated mixture was split into 
two 100-/l1 aliquots (one for protein determination and the other for GGT 
activity measurement). The GGT enzyme assay was run on all the samples 
from each experiment at the same time. The sonicated mixture was incu-
bated with the buffers at 25°C for 2.5 h. We have determined that the 
enzyme activity is linear at this time and temperature. Absorbance was 
measured at 382 nm in a Spectronic 601 spectrophotometer (Milton Roy 
Company). One sample of each group was boiled for 10 min prior to the 
assay. This served as a negative control and as a blank for the spetrophoto-
meter. 
GGT activity was analyzed either as nmoles p-nitroaniline released/h/mg 
protein or as nmoles p-nitroaniline released/h/punch. Total protein was 
determined using the BCA protein assay reagent (Pierce) at room tempera-
ture [12]. We found that the results of the experiments remained the same 
regardless of the units used. Furthermore, as follicles enter anagen, the skin 
also thickens, which inflates the value for total protein. With the exception 
of Figure 2, all GGT activity will be reported on a per-punch basis. 
GGT Histochemistry Skin plugs frozen in O.C.T. compound were sec-
tioned at 8 - 10 f.l.m in a Leitz cryostat. Sections were thaw-mounted onto 
0.5% gelatin-coated slides and air-dried. The dried slides were then fixed in 
ice-cold acetone, air-dried again, and placed in GGT staining solution at 
37"C for 1 h. Skin sections were stained for GGT activity according to 
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Rutenburg et al (13] . The slides were coverslipped using a water-based 
mounting media. 
RESULTS 
GGT activity can be clearly localized in skin samples taken from 
10-, 20-, and 30-day-old mice (Fig 1). Fifty-day-old mouse skin 
looked identical to 20-day-old skin (data not shown). Skin samples 
were taken from the same mice as those used in the GGT activity 
analysis mentioned below in Fig 2. At 10 d of age, the coat follicles 
had morphology characteristic of mid-anagen (Fig la-d). GGT 
activity was present in the outer root sheath from the area near 
Auber's critical line in the bulb to about the level of the sebaceous 
gland in the dermis (Fig la - d). Sections not counterstained with 
hematoxylin clearly showed the abrupt termination of the stain as 
the follicle reached the epidermis (Fig Ib,c). By the 20th day, the 
follicles had morphology characteristic of telogen (Fig Ie,f). The 
noncounterstained section revealed no GGT stain at all (Fig 1f). At 
30 d, the follicles were back into anagen (Fig 19). Cross-sectional 
cuts showed that GGT activity was present in the outer root sheath 
as well as in the inner root sheath (Fig 1h). Furthermore, the GGT 
stain in the inner root sheath can be seen as distinctly membrane 
bound. 
GGT activity correlated well with the hair growth cycle (Fig 2) 
and changed significantly with the hair cycle of the mouse. At 10 d 
of age, enzyme activity was at its maximum (first anagen phase) and 
fell to its nadir at 20 d (first telogen phase). At 30 d, GGT activity 
rose again (second anagen phase) and then fell at 40-50 d and 
remained low through 55 d (second telogen phase). These values 
correlated with the stage of cycle in histologic sections stained for 
GGT (Fig 1). 
GGT activity tracks well with the hair cycle after plucking of 
older mice. Anagen induction as determined by skin pigmentation 
occurred concomitantly with an increase in GGT levels (Fig 3). 
Mice at 21 - 51 days old were plucked and the GGT levels in the 
skin of the plucked area were compared to those of the nonplucked 
"control" area on the opposite side of the body. This age was chosen 
to include the second anagen phase, which begins at around days 
25 - 27 (Fig 2). Both the plucked and normal skin showed a slight 
increase in GGT at day 22. This small GGT increase may be caused 
by the trauma due to plucking. Shortly after day 23, the plucked 
skin showed a significant increase in GGT level. The normal skin 
did not show a GGT increase until after day 27. The plucked skin 
then showed a decrease in GGT at day 33, returning to a baseline 
(telogen) level by day 41. The normal nonplucked skin did not 
show a decrease in GGT until day 35 and returned to a telogen 
baseline level by day 45. Although plucking induced an increase in 
GGT levels (anagen), the total length of the elevated GGT was the 
same as normal skin. Both anagen periods were exactly 18 d. That is, 
although plucking alters the day at which anagen occurs, the length 
of the anagen phase remains constant. 
Anagen induction was also observed in mice that are in a pro-
longed telogen phase. Our GGT activity data indicated that mice 
have a long second telogen phase beginning at around day 50 (Fig 
4). Mice 45-64 days old were plucked and the GGT levels of the 
plucked side were compared to the normal side. The normal side 
Figure 1. Localization of GGT in cycling mouse hair. Frozen skin sections were stained by incubating the sections with a GGT substrate at 37" C for 1 h. 
a) Skin taken from a 10-day-old mouse stained for GGT (red) and counterstained with hematoxylin. Note the intensity of the GGT activity in the outer toot 
sheath (0) in the hypodermis and the absence of GGT activity as the follicle enters the dermis (arrowheads). Bar, 500 f.l.m. b) Same as in a but without the 
hematoxylin counterstain. GGT activity is strictly associated with the hair follicles and completely absent from the epidermis (e) and dermis (d). Bar, 500 /lm. 
c) Upper half of the hair follicle without hematoxylin counterstain. GGT activity ceases in the dermis (arrowheads). The level of the epidermis shows no GGT 
activity (0). Bar, 250 ,urn. d) Bottom portion of the hair follicle without hematoxylin counterstain. GGT activity is concentrated in the outer root sheath (0). 
Dermal papillae (d) and matrix cells (m) are free of any GGT activity. Bar, 250 /lm. e) Skin taken from a 20-day-old mouse in telogen stained for GGT activity 
and counterstained with hematoxylin. No GGTactivity is present in the telogen follicles (arrowheads). The hypodermis is almost nonexistent and the dermis 
much thinner than in anagen skin. Bar, 250 .um.f) Same as in e but without counterstain. No GGT activity is present. Bar, 250 ,urn. g) Section from a 30-day-old 
mouse in anagen stained for GGT activity and counterstained. Note the intense GGT activity in the outer root sheath (0). The hair matrix (m) and dermal 
papillae (d) are completely negative. Bar, 100 pm. It) Higher magnification of (g). GGTactivity can be clearly seen in the outer root sheath (0). Furthermore, 
inner root sheath also shows the membrane-bound nature of GGT (arrowheads). Bar, 50.um. 
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Figure 3. Plucking pre-anagen. skin induc~s an early increase on GGT 
activiry. Skin homogenates were lI1cubated wIth GGT substrate for 2.S hat 
2S ° C. Error bars, mean ± SEM. 
stayed at a low telogen baseline GGT level, whereas the plucked 
side showed a significant increase in GGT by day 47. The duration 
of the induced anagen of this telogen skin was exactly 18 d, the same 
as the duration of normal anagen or the pre-anagen- induced skin. 
Minoxidil may alter the length of the anagen phase. Mice 22 - 57 
days old were plucked over one shoulder but not the other. Either 
2% minoxidil or vehicle was applied to both sides and the effects on 
hair cycle were compared. There may be an early induction of 
anagen with the application of minoxidil (Fig Sa). Minoxidil ap-
pears to induce ana.gen 2 - 3 d before t.he control vehicle-treated 
skin. A significant dIfference (p > 0.05) 111 GGT levels from day 27 
and day 32 between the minoxidil- and the vehicle-treated groups 
was seen. Both the minoxidil-treated skin and vehicle-treated skin 
showed a decrease in GGT back to a telogen level at the same time. 
Because plucking itself induced anagen, the maximum anagen re-
sponse cannot be increased by minoxidil (Fig 5b). In plucked skin, 
no djfference in GGT activity was seen between minoxidil- or vehi-


































Figure 4. Plucking telogen follicles induces an increase on GGT activiry. 
Skin homogenates were incubated with GGT substrate for 2.S hat 2S°C. 
Error bars, mean ± SEM. 
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Figure 5. MinoxidiI-treated skin shows an early induction of anagen as 
indicated by elevated GGT levels. GGT activiry was determined by incubat-
ing skin homogenates with GGT substrate for 2.S hat 2S °C. Error bars, 
mean ± SEM. A) GGT activiry in nonplucked, minoxidil (Mnx)-treated 
skin compared to nonplucked vehicle (Veh)-treated skin in 22 - S7-day-old 
mice. B) GGT activiry in plucked, minoxidil (Mnx) - treated skin compared 
to plucked vehicle (Veh)-treated skin in 22-S7-day-old mice. Plucking 
induces anagen and masks the effect of minoxidil. 
GGT levels change only if the follicle cycle is maintained. Irl vitro 
vibrissa follicles cultured by the method of Buhl et al [14] for 3 d 
showed no significant changes in GGT expression (data not 
shown). Because anagen follicles were put into culture, GGT 
levels remained high. We have no biochemicaI or morphologic 
evidence that the vibrissa follicles were entering telogen in our 
present culture conditions. The addition of minoxidil did not 
significantly increase the expression of GGT over that of the con-
trol. 
DISCUSSION 
Our results show that GGT serves as an excellent marker for anagen 
in studying hair growth. One is able to assess anagen quantitatively 
and without bias. This is useful because all previous methods relied 
on the investigators' subjective opinion to determine exactly when 
anagen is initiated. Our study augments that of De Young et al [8] by 
focusing on the involvement of GGT during anagen (both natura.! 
and induced). 
The presence of GGT in the outer and inner root sheaths is 
another indication of the dynamic nature of these traditiona.!ly inert 
layers. The lower part of the outer root sheath has recently been 
shown to be different in keratin nature than the epidermis [15] and 
also to be the site of minoxidil sulfotransferase [16]. The inner root 
126 KAWABE EY AL 
sheath has been shown to be the site for tissue inhibitor of metallo-
proteinase [17]. The presence of these enzymes and enzyme inhibi-
tors, as well as being different in keratin nature from skin, indicates 
that the root sheaths are a very metabolically active site. 
Our study shows that minoxidil treatment results in a small but 
statistically significant increase in the length of the anagen phase in 
the mouse hair cycle by causing an early induction of ana gen. GGT 
measurements allow for clear, quantitative measurements of ana-
gen. The 2 - 3-d difference of minoxidil versus vehicle treatment 
would be very difficult to measure by strictly morphologic methods. 
Mori and Uno [18] , Freinkel et ai,:j: and Gobe and Strutton [19] have 
evaluated the effect of minoxidil on anagen on the basis of histo-
logic analysis. Each of these three studies suggests different conclu-
sions. This may reflect the subjective nature of evaluating the effects 
of hair growth, which takes place over a broad area, with histologic 
sections. 
We have been able to study quantitatively the hair cycle using 
GGT as a marker for anagen. Plucking induces GGT activity (ana-
gen). The induced anagen is identical in length to the naturally 
occurring anagen, regardless of whether the mice were plucked at 
early anagen or during telogen. Minoxidil appears to induce an early 
anagen (by 3 d) in normal skin. However, both the minoxidil-
treated skin and the vehicle-treated control skin entered telogen at 
the same time. Minoxidil had no apparent effect on plucked skin in 
that anagen was induced by the plucking. Further study should be 
done to confirm the anagen induction effect of minoxidil in 
vivo. 
The exact role of GGT cannot be determined by these sets of 
experiments. However, GGT is known to playa key role in the 
y-glutamyl cycle, which is the pathway for the synthesis and degra-
dation of glutathione [1]. GGT catalyzes the first step in the path-
way that leads to release of the cysteine moiety from the glutathione 
tripeptide. In the hair follicle, the hair epithelium may obtain cys-
teine for incorporation into keratins by the GGT -driven cycle. The 
specificity of GGT to hair follicles in the skin makes it a very useful 
marker to Qetermine the active cycling of hair. Other markers that 
determine cell proliferation indices such as 3H thymidine or BrdU 
are less useful because of the dynamic nature of skin during hair-
growth periods. 
:j: Freinkel RK, Skoutelis A, Traczyk TM: Topical minoxidil prolongs 
anagen and shortens telogen in rats (abstr).] Invest Derrnato192:430A, 1989. 
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